The cyclic multilayer alloy (CMA) coatings of Zn-Co have been developed galvanostatically on mild steel (MS), using single bath technique. Depositions were carried out using square current pulses. Corrosion behaviors of the coatings were evaluated by potentiodynamic polarization and electrochemical impedance method, supported by dielectric spectroscopy. The cyclic cathode current densities (CCCD's) and number of layers were optimized for highest corrosion stability of the coatings. The CMA coating developed at 3.0/5.0 A/dm 2 , having 300 layers, represented as (Zn-Co) 3.0/5.0/300 was found to exhibit ~40 times better corrosion resistance compared to monolayer coating, developed from same bath for same time. Substantial improvement in the corrosion resistance of CMA coatings is attributed to layered coating, having alternatively different phase structures, evidenced by XRD study. The formation of multilayer and corrosion mechanism was analyzed using Scanning Electron Microscopy.
Introduction
The composition modulated multilayer alloy, or simply, cyclic multilayer alloy (CMA) coatings, are basically consisting of successive layers of alloys having two/or more compositions [1] . They may be developed from a single bath containing two/or metals ions, by proper simulation of cathode current densities, using sophisticated power sources [2] [3] [4] . CMA coatings consist of a large number of thin alternate alloy layers, and each layer plays its own distinctive role in achieving preferred performances. The development of zinc-based CMA coatings for the protection of steel substrates has been investigated recently [3] [4] [5] , and were found to exhibit the enhanced corrosion performance. Kirilova et al. reported the anodic behavior of composition modulated Zn-Co multilayer, electrodeposited from single and dual baths [6] . The coatings were developed under different conditions of current density, and their anodic behaviors were studied. CMA coatings obtained from a single bath was found to dissolve at potentials between the dissolution potentials of pure Co and pure Zn coatings. Zinc and Zn-Ni alloy CMA coatings were electrodeposited on to a steel substrate by the successive deposition of zinc and Zn-Ni alloy sub layers from dual baths [7] . The coated samples were evaluated in terms of the surface appearance, surface and cross-sectional morphologies, as well as corrosion resistance. The layered structure and the existence of micro cracks caused by the internal stress in the thick Zn-Ni alloy sublayers were observed. CMA coatings were found to be more corrosion-resistant than the monolithic coatings of zinc or Zn-Ni alloy of same thickness. The possible reasons for the better protective performance of Zn-Ni/Zn CMA coatings were given on the basis of the analysis of micrographic features of zinc and Zn-Ni alloy. A probable corrosion mechanism of zinc and Zn-Ni alloy CMA coatings was also proposed. The zinc sub layers beneath the Zn-Ni alloy top layer was found to dissolve through the pores and micro-cracks existing in the Zn-Ni alloy deposits existing during corrosion.
Varieties of zinc and Zn-Co alloy CMA coatings were electrodeposited onto steel substrates using dual bath technique [8] . The experimental results showed that the zinc and Zn-Co alloy CMA coatings were more corrosion-resistant than corresponding monolithic coatings of same thickness. The development of zinc and zinc-alloy based coatings was reviewed by Wilcox [9, 10] . The principle of productions of CMA coatings, concentrating on their applications as protective coatings for metal surfaces was examined. Zn-Ni, Zn-Fe, Zn-Co and Zn-Mn alloy coatings was reported, to deposit in multilayer format. Electrodeposition methods, bath chemistries, coating morphologies, and their performances against corrosion were also reviewed. Most of the work reported above, explains the development of CMA Zn-M (M = Ni, Co and Fe) coating using double bath technique (DBT), in which successive layers of alternating composition was obtained from two separate electrolytes having either pure Zn 2+ and M 2+ ions, or Zn 2+ and (Zn 2+ + M 2+ ) ions. The deposition conditions were optimized and results were discussed. The coating behaviors were evaluated either by their dissolution potentials or by E corr values, without quantifying their corrosion rates. In this direction, Thangaraj et al. [11, 12] reported optimization of an acid chloride bath for production of CMA Zn-Co coating, showing the highest corrosion stability.
In this work, it is attempted to develop a stable bath having thiamine hydrochloride (THC) as additives, and to optimize the deposition conditions for peak performance of the coatings against corrosion. The corrosion rates were calculated from Tafel extrapolation method, supported by electrochemical impedance method. The role of THC, in modulation of composition was tried to identify by cyclic voltammetry (CV) study. The optimization of deposition conditions, in terms of cathode current densities and number of layers for development of CMA Zn-Co coating and its characterization, concentrating on their application as protective coatings on MS are reported.
Experimental
To begin with, the bath constituents and operating parameters, for deposition of monolithic (monolayer) coatings of Zn-Co were optimized using direct current (DC), following the standard Hull cell method [13] . THC is a water-soluble B-complex vitamin, freely soluble in water and is reportedly compatible with many metal ions. Compatibility is dependent upon factors such as pH, concentration, temperature and diluents used. CA is a colourless crystalline organic compound, one of the carboxylic acids. The optimal cathode current density, pH and concentration of each constituent were arrived, based on the brightness (visual observation), homogeneity and adhesion (tape test) of coatings. N 4 OSCl·HCl (THC) and optimal pH and temperature are respectively, 4˚C and 30˚C. The electrolyte was prepared using LR-grade chemicals and distilled water.
A PVC cell of 250 cm 3 capacity was used for electroplating, with cathode anode space of ~5 cm. The anode was pure Zn with the same exposed area. The pre-cleaned mild steel (MS) panels with 7.5 cm 2 active surface area were used as cathode. All depositions (monolayer and multilayered) were carried out using DC Power Analyzer (AGILENT, N6705A), and subsequent electrochemical characterizations were made using potentiostat/galvanostat (VersaSTAT3, Princeton Research). All coatings were carried out for 10 min for comparison purpose. After deposition, the electrode was rinsed with distilled water, and used for further investigation.
Cyclic Voltammetry (CV) study was performed in a conventional three-electrode cell to better understand the kinetics of electrodeposition, and to identify the role of additives, namely THC and CA. Pure platinum foil with a surface area of 1 cm 2 was used as working electrode. Before each experiment, the electrode was activated by immersion in 1:1 HNO 3 . The CV experiments were conducted in a quiescent solution, without purging. Initially, three scan rates were evaluated viz. 10, 20 and 50 mV·s -1 , in order to identify which scanning rate gives a better readability of data. The choice fell on the 10 mV·s -1 scan rate and therefore the remaining tests were carried out at this scan rate only. The scan began from 0 V in the positive direction, up to +0.5 V. Then, the scan was reversed to the negative direction, down to -1.5 V, and finally reversed back to +0.5 V. The phase structure of the electrodeposits under different c.d. was analyzed using X-ray Diffractometer (Bruker AXS) using CuKα-radiation, (λ = 1.5405А, 30 kV). Scanning Electron Microscopy (SEM), Model JSM-6380 LA from JEOL, Japan, was used to examine the multilayer formation and its deterioration after corrosion. Generally, the direct current resulted in the coatings having constant composition, called monolithic coatings. But, periodic change in the current density allowed the growth of layers on substrate with periodic change in the chemical compositions [9] . i.e. Pulses of low current density results in layers of low Co content, and pulses of high current density results in layers of high Co content. The instrument was set to cycle between two different cathode current densities, called cyclic cathode current densities (CCCD's) in repetitive way. While the thickness of the each layer was controlled by the duration of each pulse, the composition of each layer is decided by the current density applied. The total number of layers was fixed appropriately by adjusting the time for each cycle. Thus, CMA coatings of different configurations were produced. Such multilayer coatings are hereafter represented as (Zn-Co) 1/2/n, where (Zn-Co) represents alloy of Zn and Co, and 1 and 2 represent the cathode current density that is made to cycle between, and "n" represents the total number of layers formed during total deposition time (10 min).
The corrosion behavior of coatings was measured by electrochemical DC and AC techniques, in a three-electrode configuration cell. All electrochemical potentials referred in this work are indicated relative to Ag/AgCl/ sat electrode. The 5% NaCl solution (30˚C) was used as corrosion medium, throughout this study. Potentiodynamic polarization behavior was studied in a potential ramp of ±250 mV from open circuit potential (OCP) at scan rate of 1 mV·s Eq. wt. of alloy g mm y density of the alloy g cm
where CR is the corrosion rate, in mm·y −1 and i corr is the corrosion current density. Electrochemical Impedance spectroscopy (EIS) study was carried out in the frequency limit from 100 kHz to 20 mHz. Before corrosion study, the open circuit potential (OCP) for each test specimen was fixed. This is accomplished by immersing it in corrosion medium for 300 sec to reach equilibrium potential. The chemical composition of the coatings was determined by stripping the known amount of electrodeposit into 2 N HCl, and wt% Co was estimated colorimetrically [14] . While thicknesses of the coatings were estimated by Faraday's law, it was verified by measurements, using a Digital Thickness Meter (Coatmeasure, Model M & C).
Results and Discussions

Cyclic Voltammetric Study
CV is the universal electrochemical technique, used either to understand the electrode kinetics or to elucidate reaction mechanisms, including the quantitative analysis. The technique consists of varying the electrode potential in a linear fashion between two limits [15] . It was observed that THC in combination with CA has significant effect on the homogeneity and brightness of the coatings. Hence, the process and product of Zn-Co deposition was studied by CV method, on adding CA and THC, individually and in combination, into the electrolytic bath. In absence of CA, the electrochemical oxidation curve showed multiple peaks, as shown in Figure 1(a) . This corresponds to the dissolution of the metals in the alloy via. different intermediate phases [16] . After adding CA, a small change in the shape of the voltammogram was found (Figure 1(b) ). It indicates that CA has not involved in complexation of metal ions. Further, when THC was added, the shape of voltammogram changed drastically, with one major peak at -0.80 V and one minor peak at -0.30 V, corresponding to dissolution of alloys at two different phases (Figure 1(c) ). Lastly, when CA and THC were added in combination, the intensity of the first peak has increased with slight distortion to the right (Figure 1(d) ). Hence, it may be inferred that THC improves the deposit character, by forming complex with metal ions, and CA is acting as brightener, by getting reinforced into crystal lattice by the action of THC [17] .
X-ray Diffraction Study
The corrosion resistance of Zn-Co alloy depends practically on the wt% Co in the deposit, and consequently, its phase structure depending on c.d. employed for its deposition [18] [19] [20] [21] [22] [23] . Hence, an effective modulation in composition can be achieved by successive layering of alloys having distinct phase difference, by proper selection of CCCD's. This is accomplished by taking the XRD patterns of Zn-Co alloy (monolayer) developed from the same bath, at different current densities. Accordingly, the XRD patterns of Zn-Co alloy at different c.d. are shown in . In addition to this, reflections corresponding Zn (101) and Zn (110) have become more distinct with increase of current density. Further, the peak corresponding to Zn (100) was observed as the current density was increased from 2.0 A/dm 2 to 5.0 A/dm 2 . Thus, X-ray diffraction study clearly indicates that the variation in cathodic current density brings significant change in phase structure of coatings, allowing the better modulation in composition, in conjunction with number layers. c.d. on wt% Co, thickness, corrosion rate (CR) and appearance of the coatings were reported in Table 1 . The corrosion data showed that the coating at 4.0 A/dm 2 is found to be bright, with least corrosion rate (7.08 × 10
), compared to coatings at other current densities. Hence, it has been taken as its optimal corrosion rate.
CMA Zn-Co Coating
Optimization of Cyclic Current Densities
The electrochemical deposition of CMA coatings was accomplished by galvanodynamic cycling of the working electrode between pre-set current ranges in an aqueous solution containing Zn 2+ and Co 2+ ions. As mentioned earlier, even a small change in the wt% of Zn-Co alloy may result in significant properties change due to change in the phase structure. Initially, multilayer alloy coatings having 10 layers were developed at different sets of CCCD's to increase their corrosion resistance. Among the various sets tried, the less corrosion rate was measured in the coatings produced with difference of 3.0 A/dm 2 , between CCCD's (i.e. at 2.0/5.0 A/dm 2 and 3.0/5.0 A/dm 2 ). These coatings were found to be bright and uniform. This combination of CCCD's has been selected for studying the effect of layering, as described in the following section and in Table 2 . 
Monolithic Zn-Co Coating
Wide spectrum of Zn-Co alloy formed on Hull cell panel showed that current density (c.d.) plays an important role in deciding the properties of the deposit. The effects of 
Optimization of Overall Number of Layers
The properties of CMA electrodeposits, including their corrosion resistance, may often to be improved by increasing the total number of layers (usually, up to an optimal number), as long as the adhesion between layers is not deteriorated. Therefore, at the optimal combination of current densities (3.0/5.0 A/dm 2 ), CMA coatings with 10, 20, 60, 120, 300, and 600 layers were produced. As observed in Table 2 , the corrosion rate decreased drastically as the overall number of layers increased only up to 300 layers, and then increased. The lowest corrosion rate (0.16 × 10 -2 mm·y
) was observed for a multilayer coatings, represented by (Zn-Co) 3 .0/5.0/300 configuration, while for the same number of layers at CCCD's of 2.0/5.0 A/dm 2 , the corrosion rate was 0.34 × 10 −2 mm·y −1 , which is more when compared to the earlier. Hence, CMA (Zn-Co) 3 .0/5.0/300 configuration, is taken as optimal. From the total observed thickness (about 25 µm), the average thickness of each layer in (Zn-Co) 3 .0/5.0/300 coating was calculated. For this configuration, the average thickness of each layer is found to be ~83.0 nm, as shown in Table 2 .
The corrosion rate was found to increase at higher degree of layering (i.e. >300 layers), shown in Table 2 . This may be attributed to the less relaxation time for redistribution of metal ions at the diffusion layer, during plating [17] . The phenomenon may be explained as follows: During plating, metal ions from the bulk of the electrolyte diffuse towards the cathode and to get discharge as metal atom, and this process of diffusion is mainly controlled by the cathode current density. As the number of layers increased, the time for the deposition of each layer, say, (Zn-Co) 1 is small (as the total time for deposition remains same, 10 min). At higher degree of layering, there is no sufficient time for metal ions to relax (against diffusion under given current density) and to get deposit on cathode, with modulation in composition. In other words, the cathode current density is cycling so fast that ions cannot diffuse towards cathode with modulation. As a result, at higher degree of layering modulation in composition is not likely to take place, or CMA deposit is tending towards monolayer with less corrosion stability.
Corrosion Study
Tafel's Polarization Study
Potentiodynamic polarization curves of CMA (Zn-Co) 3 .0/5.0 coating with different number of layers is shown in Figure 3 . Tafel extrapolation on such curves resulted in determination of the corrosion potential, E corr corrosion current density, i corr and corrosion rate, CR as listed in Table 2 . The progressive decrease of corrosion current density (i corr ) with number of layers indicated that improved corrosion resistance is due to layering of alloys, having distinct properties. It may be observed that the passivation current of Zn-Co coatings remained almost same, regardless of the number of layers. This indicates that the improved corrosion resistance is not due to the corrosion product formed, but due to the delayed, or blocked path of corrosion agent, due to layering, as will be discussed later. Polarization curve shown in Figure 3 demonstrates that CMA coating with (Zn-Co) 3 .0/5.0/300 configuration is the most corrosion resistant.
Electrochemical Impedance Spectroscopy
Though potentiodynamic polarization technique is used to study the kinetics of an electrode reaction, the result is often corrupted by side effects such as the charging currents of the double layer observed on a time-scale of the order of a millisecond, or by the ohmic drop associated to the experimental setup [15] . The response of reversible electrochemical systems studied in the presence of an ohmic drop unfortunately resembled the response of kinetically slow systems. The best way of differentiating the kinetics of an electrode reaction from experimental side effects is to use an excitation function covering a large time domain. The most common of these techniques is EIS where the electrode potential excitation function is a sine wave of variable frequencies [24] . Accordingly, the corrosion behavior of the coatings can be assessed, in terms of electrical double layer (EDL) capacitor model, with treating the substrate and medium as parallel plates, and the coating in between them, as dielectrics of the capacitor. When AC signal of small amplitude of ±10 mV is applied over a wide frequency limit are used, the impedance data points obtained are the response of the corrosion circuit, consisting of capacitance C, inductance, Figure 4 shows the EIS Nyquist plots of (Zn-Co) 3 .0/5.0 coatings, with different number of layers. Impedance signals clearly indicate that the polarization resistance, R P of the coatings increased progressively with the number of layers (up to 300 layers), and then decreased (600 layers).
Dielectric Spectroscopy
The EIS data points can be used to calculate the relative permittivity, ε r of the coatings from film thickness, δ and area, A and capacitance C, using the equation
where, ε 0 is permittivity of the vacuum. Improved corrosion resistance of CMA coatings can be explained in terms of the effect of time dependent electric field (i.e. frequency response). Figure 5 shows the variation of relative permittivity versus frequency, of the coatings having different number of layers. It was observed that the value of ε r for all coatings is high at low frequency which are diminished as the frequency is increased. At low frequency side, the decrease of ε r with increase of number of layers indicates that the dielectric barrier of coatings has increased with layering. This attributes to the increased interfacial polarization effect, caused by the heterogeneous media consisting of phases with different dielectric permittivity [25] . There are many causes for heterogeneity in materials, but concerning the CMA coatings discussed in present work is related to interfaces created by layering. Thus it may be summarized as the peak corrosion resistance of CMA (Zn-Co) 3 .0/5.0/300 coating is due to the decreased permittivity of the coating. 
Comparison between Monolayer and CMA Zn-Co Coatings
On comparing the corrosion rate of (Zn-Co) 3 .0/5.0/300 , given in Table 2 , with that of monolayer Zn-Co alloy, at 4.0 A/dm 2 (Table 1) , it was found that the CMA coating is ~40 times higher corrosion resistant. Potentiodynamic polarization behaviors of monolithic and CMA coatings (under optimal conditions) is shown in Figure 6 . A drastic decrease of corrosion current, i corr was observed when the coating pattern was changed from monolayer to multilayer type. The high corrosion resistance of CMA coatings can be envisaged as, the failures like pores, crevices occurring in one layer is blocked or neutralized by the successively deposited coating layers, and thus the corrosion agent's path is delayed or blocked. The improved corrosion resistance afforded by CMA coating can also explained in terms of the formation of alternate layers of alloys with low and high wt% of Co. In other words, the protection efficacy of CMA Zn-Co coatings is due to barrier effect of Zn-Co alloy layer with high wt% Co and the sacrificial effect of Zn-Co alloy layer with low wt% Co [8] . A small compositional change in alternate layers, corresponding to deposits at 3.0 and 5.0 A/dm 2 has brought a significant change in the phase structure of the alloys, as evidenced by XRD study [26] .
SEM Study
Surface morphology of monolithic alloy coatings, marked as Figure 7(a) , displayed a uniform and crack-free morphology. Formation of alternate layers of alloys having distinctive properties was confirmed by SEM. Cross sectional view of (Zn-Co) 3 .0/5.0/10 is shown in Figure 7(b) . The poor contrast may be due to marginal difference in chemical composition (0.60 wt% Co at 3.0 A/dm 2 and 1.08 wt% Co at 5.0 A/dm 2 ) of alloys in each layer. Inspection of the microscopic appearance of surface, after corrosion tests was used to demonstrate the formation of successive layers of alloys, during deposition and to understand the reason for improved corrosion resistance. By subjecting the coating to dissolve by corrosion test, a region displaying the layers, with distinction can be obtained. This has been accomplished by the anodic polarization up to +250 mV vs. OCP in 5% NaCl. Then the corroded specimen was washed with distilled water and examined, under SEM. Figure 7 (c) exhibits CMA (Zn-Co) 3 .0/5.0/10 , after corrosion test. Hence, it may inferred that the increased corrosion stability of CMA coatings is due to successive layers of alloys having different degree of pores and cracks, which allowed the selective dissolution of metals in alternate layers with low and high wt% of Co.
Conclusions
 CMA coatings of Zn-Co have been developed on MS by proper manipulation of cathodic current densities and number of layers.  CV study demonstrated that THC improves the deposit character by forming complex with metal ions, and CA acts as brightener by getting reinforced into the crystal lattice by the action of THC.  The XRD study revealed that the improved corrosion resistance afforded by CMA coating is due to alternate layers of alloys, having different phase structures.  The CMA (Zn-Co) coating, having 300 layers, deposited at 3.0 and 5.0 A/dm 2 found to show the least corrosion rate (0.16 × 10 -2 mm·y -1
) compared to that of monolithic alloy (7.08 × 10 -2 mm·y −1
) of same thickness.  Corrosion resistance of CMA coating increased with number of layers only up to a certain optimal level (300 layers) and then decreased.  Increase of corrosion rate at higher number of layers is attributed to less relaxation time for redistribution of metal ions (Zn 2+ and Co 2+ ) at the diffusion layer, during deposition. In other words, at higher layering the CMA coating tends to become monolithic. SEM analysis confirms the formation of multilayer during deposition, and evidenced the extended protection by successively deposited alloy coating layers having different degree of pores and crevices. 
